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1
PREFETCHING TECHNIQUES

TECHNICAL FIELD

The present disclosure relates to data storage. More
particularly, 1t relates to prefetching techniques.

DESCRIPTION

Prefetching 1s a process where data, which 1s predicted as
being needed, 1s proactively fetched from memory before an
explicit request for that data 1s made. For instance, the
prediction can operate ahead of data that 1s being explicitly
requested as defined by a stride length. It 1s proposed that a
training period could be used 1n order to monitor explicitly
made requests so as to determine an approprate stride length
that would cover as many requests as possible.

SUMMARY

Viewed from a first example configuration, there 1s pro-
vided a data processing apparatus comprising: data access
circuitry to access data values in storage circuitry at
addresses specified by access nstructions; stride determina-
tion circuitry to determine a stride value as a difference
between a current address and a previously received address;
stride storage circuitry to store an association between stride
values determined by the stride determination circuitry and
a frequency during a traming period; prefetch circuitry to
cause a further data value to be proactively retrieved from a
further address, wherein the further address 1s the current
address modified by a stride value in the stride storage
circuitry having a highest frequency during the training
period; and stride culling circuitry to remove at least some
of the multiple stride values during the training period.

Viewed from a second example configuration, there 1s
provided a data processing apparatus comprising: data
access circultry to access data values in storage circuitry at
addresses specified by access nstructions; stride determina-
tion circuitry to determine a stride Value as a difference
between a current address and a previously received address;
stride storage circuitry to store an association between stride
values determined by the stride determination circuitry and
a frequency during a training period; and pretfetch circuitry
to cause further data values to be proactively retrieved from
further addresses, wherein the further addresses are the
current address modified by stride values i1n the stride
storage circuitry having highest frequencies during the train-
ing period.

Viewed from a third example configuration, there 1s
provided a data processing apparatus comprising: data
access circultry to access data values in storage circuitry at
addresses specified by access nstructions; stride determina-
tion circuitry to determine a stride Value as a difference
between a current address and a previously received address;
stride storage circuitry to store an association between stride
values determined by the stride determination circuitry and
a frequency of occurrence during a training period; and
prefetch circuitry to cause a further data value to be proac-
tively retrieved from a further address, wherein the further
address 1s the current address modified by a stride value 1n
the stride storage circuitry having a highest frequency during,
the training period such that the further address and the
current address are on a same page of memory circuitry.

Viewed from a fourth example configuration, there 1s
provided a data processing apparatus comprising: data
access circultry to access data values in storage circuitry at

10

15

20

25

30

35

40

45

50

55

60

65

2

addresses specified by access 1nstructions; stride determina-
tion circuitry to determine a stride value as a difference
between a current address and a previously recerved address;
stride storage circuitry to store an association between stride
values determined by the stride determination circuitry and
a frequency of occurrence during a training period; prefetch

circuitry to cause a further data value to be proactively
retrieved from a further address, wherein the further address
1s the current address modified by a stride value 1n the stride
storage circuitry having a highest frequency above a mini-
mum Irequency during the training period; and feedback
circuitry to adjust at least one of the training period and the
minimum Irequency based on a performance of the stride
value 1 the stride storage circuitry having the highest
frequency above the minimum frequency during the training
period.

BRIEF DESCRIPTION OF THE

DRAWINGS

The present invention will be described further, by way of
example only, with reference to embodiments thereof as
illustrated 1n the accompanying drawings, 1n which:

FIG. 1 schematically illustrates a data processing appa-
ratus 1n accordance with some embodiments;

FIG. 2 1llustrates how training can be carried out 1n order
to determine a suitable stride length or oflset for prefetching;

FIG. 3 shows, 1n flowchart form, a method of performing
a training process in accordance with some embodiments;

FIG. 4 schematically illustrates a data processing appa-
ratus 1n accordance with some embodiments:

FIG. 5 schematically illustrates a data processing appa-
ratus 1n accordance with some embodiments;

FIG. 6 shows the relationship between virtual addresses
and page boundaries 1n memory;

FIG. 7 shows, 1 flowchart form, a method for adjusting
candidate stride lengths in accordance with some embodi-
ments;

FIG. 8 schematically illustrates a data processing appa-
ratus 1n accordance with some embodiments;

FIG. 9 shows, 1 flowchart form, a method for adjusting
the training process 1n accordance with some embodiments;
and

FIG. 10 schematically illustrates a data processing appa-
ratus 1n accordance with some embodiments.

DESCRIPTION OF

EXAMPLE EMBODIMENTS

Betore discussing the embodiments with reference to the
accompanying figures, the following description of embodi-
ments 15 provided.

In accordance with some embodiments, there i1s provided
a data processing apparatus comprising: data access circuitry
to access data values in storage circuitry at addresses speci-
fied by access instructions; stride determination circuitry to
determine a stride value as a diflerence between a current
address and a previously received address; stride storage
circuitry to store an association between stride values deter-
mined by the stride determination circuitry and a frequency
during a training period; prefetch circuitry to cause a further
data value to be proactively retrieved from a further address,
wherein the further address 1s the current address modified
by a stride value 1n the stride storage circuitry having a
highest frequency during the training period; and stride
culling circuitry to remove at least some of the multiple
stride values during the training period.

The storage circuitry could, for instance, be in the form of
a main memory in a computing system. The data access
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circuitry maintains a list of previously accessed addresses
for data that has been accessed either explicitly or proac-
tively within a particular window (either defined by a period
of time or a number of previous accesses). A list of candidate
oflsets (e.g. stride lengths) 1s also maintained, with each
candidate being associated with a frequency (e.g. a score). In
this way 1t 1s possible to test each candidate stride length
(e.g. oflset) to see 11 1t would have or did trigger the received
data to be proactively fetched as a result of a prefetch
operation. If so, those candidate stride lengths have their
frequency of occurrence increased. Thus, at the end of a
training period, the set of candidate stride lengths can be
examined and the candidate having the highest occurrence 1s
selected. This represents the stride length that would have
resulted in the most data being correctly prefetched. It waill
be appreciated that stride lengths could be positive or
negative (but typically not zero). Having performed the
training period, the selected candidate (the one having the
highest frequency) 1s used for further prefetching operations.
In the above embodiments, rather than maintain data regard-
ing every candidate stride length, some of the candidates can
be removed during the training period. In this way, the
complexity and duration of the training period can be
simplified.

In some embodiments, for each of the access 1nstructions,
one of the stride values 1s selected as a selected stride value;
and the frequency i1s increased in response to the selected
stride value matching the diflerence between the current
address and the previously received address. In this way,
rather than consider each candidate stride length for every
item of received data, which could 1nvolve a large number
of comparisons being made, a returned 1tem of data 1s tested
against candidate stride length n to see if that particular
stride length would have caused the returned 1tem of data to
be accessed 1n view of the recent other accesses that have
been made. The next access 1s then tested against candidate
n+1, and so on.

In some embodiments, the at least some of the multiple
stride values have an associated frequency below a mini-
mum threshold based on how much of the training period
remains. It therefore becomes easier for a candidate to be
removed as time goes on—reflecting the fact that as the
training period continues, certain candidates that are more or
less likely to succeed are expected to emerge. Consequently,
as the training process goes on, candidates that are unlikely
to be selected as the final stride length for use 1n prefetching
are more likely to be eliminated.

In some embodiments, the minimum threshold 1s a small-
est value for which it 1s possible for the frequency of one of
the stride values to become at least equal to the highest
frequency during the training period. In this way the can-
didates that are eliminated are those where 1t 1s no longer
possible for the candidate to become the winner. Since such
candidates cannot become the selected winning offset, 1t
makes sense to remove such candidates from consideration.

In some embodiments, the training period 1s terminated in
response to the highest frequency reaching an upper limit. In
such embodiments, 1t 1s not necessary to wait for the full
training period to elapse if, for instance, a clear winning
candidate quickly emerges. In these cases, rather than com-
plete the full traiming period, a candidate that reaches the
upper limit 1s immediately selected, thereby improving the
clliciency of the training process.

In accordance with some embodiments, there 1s provided
a data processing apparatus comprising: data access circuitry
to access data values 1n storage circuitry at addresses speci-
fied by access instructions; stride determination circuitry to
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determine a stride value as a diflerence between a current
address and a previously received address; stride storage
circuitry to store an association between stride values deter-
mined by the stride determination circuitry and a frequency
during a training period; and prefetch circuitry to cause
turther data values to be proactively retrieved from further
addresses, wherein the further addresses are the current
address modified by stride values in the stride storage
circuitry having highest frequencies during the training
period.

Rather than picking on a single winner from the previ-
ously performed training period, a number of winning
candidates can be selected. Prefetching can then take place
on the basis of multiple winning candidates rather than only
one. For instance, 1n some embodiments a highest and a
second highest candidate are selected for future prefetching
to take place, and both stride values are used in future
prefetching operations. This can help to avoid the situation
in which a good (but not best) candidate 1s ‘lost” due to
another good candidate being selected, even though both
candidates could simultaneously be valid and result in the
collection of different sets of data (in the case of, for
instance, multiple processes simultaneously fetching data).

In accordance with some embodiments, there 1s provided
a data processing apparatus comprising: data access circuitry
to access data values 1n storage circuitry at addresses speci-
fied by access instructions; stride determination circuitry to
determine a stride value as a diflerence between a current
address and a previously received address; stride storage
circuitry to store an association between stride values deter-
mined by the stride determination circuitry and a frequency
of occurrence during a training period; and prefetch circuitry
to cause a further data value to be proactively retrieved from
a further address, wherein the further address 1s the current
address modified by a stride value in the stride storage
circuitry having a highest frequency during the training
period such that the further address and the current address
are on a same page of memory circuitry.

Physical addresses relate to locations in the hardware
where data 1s physically stored. These differ from virtual
addresses that might provide an expanded address space 1n
order to use techniques such as virtual memory, where
memory can be paged out to disk, or to provide access
permissions where different processes can be given diflerent
permissions 1n respect of the same area of physical memory.
Other techniques can also be implemented. Virtual to physi-
cal address translation 1s such that two neighbouring virtual
addresses could actually be on diflerent pages of physical
memory. The prefetching process may operate on physical
addresses rather than virtual addresses. This could cause
prefetching to occur across page boundaries, which can be
slow due to the need for different parts of memory to be
accessed. In the above embodiments, therefore, 1f 1t 1s
determined that a selected stride length would result 1n a
prefetch operation crossing a page boundary in memory then
a different candidate 1s selected so as to avoid prefetching
across a page boundary.

In some embodiments, the stride values are bound by a
lower stride value and an upper stride value; and when the
further address and the current address are on different pages
of the memory circuitry, at least one of: a magnitude of the
lower stride value and a magnitude of the upper stride value
1s reduced and then the stride value 1n the stride storage
circuitry having the highest frequency during the training
period 1s redetermined. The lower stride value and the upper
stride value could be powers of two 1n magnitude and could
be negative and positive respectively. All the candidates
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stride lengths that are under consideration are therefore
bound by these limits. In response to the prefetch causing the
access of data that 1s on a different page, at least one of these
limits 1s brought closer to the midpoint (e.g. 0) thereby
causing a reselection of candidate to occur, while removing
the ability for the same candidate (or one that 1s worse for
causing a page boundary cross to occur) to be selected.

In some embodiments, both the magnitude of the lower
stride value and the magnitude of the upper stride value are
reduced. Consequently, 1f prefetching with the selected
candidate 1s 1dentified as potentially causing memory pages
to be crossed then the maximum magnitude of candidate
stride length 1s reduced and the selected candidate can be
reselected. Thus, the page boundary cross could be avoided
altogether or the likelihood of that page boundary cross
occurring can be lessened.

In some embodiments, when the further address and the
current address are on diflerent pages and when the further
address 1s higher than the current address, the magnitude of
the upper stride value 1s reduced; and when the further
address and the current address are on different pages and
when the further address 1s lower than the current address,
the magnitude of the lower stride value 1s reduced. A
previously computed alternative offset can then be selected
based on the revised upper and lower stride values.

In some embodiments, the at least one of: a magnitude of
the lower stride value and a magnitude of the upper stride
value 1s reduced to either O or 1. An alternative oflset value
can then be selected based on the previous training process.
In this way, prefetching can be limited to accessing memory
in a particular direction, e.g. away from the page boundary
or can be lessened to such an extent that a cross of the page
boundary 1s unlikely to occur (if, for instance, the magnitude
1s “17).

In some embodiments, the at least one of: the magmtude
of the lower stride value and the magnitude of the upper
stride value 1s reduced by a half. If a candidate 1s selected
due to having a high occurrence, then this could occur as a
result of divisors of that candidate also having high scores.
Thus, by dividing the upper and/or lower stride values by a
two (e.g. by halving them), high scoring divisors of the
previous candidate can be located. If the score associated
with such divisors 1s high enough, those candidate stride
lengths could then be selected to perform pretetching with.
For instance, 1f the bounds are +64 and -64, then winning
candidate could be 44. This 1s more likely to be true if other
detected patterns include 22, and 11. Hence, by dividing the
bounds by two (to +32 and -32) lugh scoring divisors such
as 22 and 11 can be detected. Furthermore, since the divisors
are smaller than the previous bounds (which have been
divided by two) there 1s less likely the page boundary
crossing will occur when such a candidate is selected.

In some embodiments, while the further address and the
current address are on different pages of the memory cir-
cuitry, at least one the magnitude of the lower stride value
and the magnitude of the upper stride value 1s reduced and
then the stride value 1n the stride storage circuitry having the
highest frequency during the training period 1s redetermined.
In this way, the process of selecting the stride value from the
candidates can be 1terative. If the process of prefetching with
the selected candidate would result 1n a page boundary being,
immediately crossed, then the candidates are recalculated
using the adjusted boundaries. 11 the adjusted boundaries are
such that the newly selected candidate would still cause a
page boundary to be crossed as a result of prefetching then
the boundaries are adjusted again and a candidate 1s deter-
mined again.
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In accordance with some embodiments, there 1s provided
a data processing apparatus comprising: data access circuitry
to access data values in storage circuitry at addresses speci-
fied by access instructions; stride determination circuitry to
determine a stride value as a difference between a current
address and a previously received address; stride storage
circuitry to store an association between stride values deter-
mined by the stride determination circuitry and a frequency
ol occurrence during a training period; prefetch circuitry to
cause a further data value to be proactively retrieved from a
further address, wherein the further address 1s the current
address modified by a stride value in the stride storage
circuitry having a highest frequency above a minimum
frequency during the training period; and feedback circuitry
to adjust at least one of: the training period, the minimum
frequency, and an early termination value based on a per-
formance of the stride value 1n the stride storage circuitry
having the highest frequency above the mimmum frequency
during the training period.

In the above embodiments, a feedback mechanism 1s
provided 1n order to determine the performance of the
selected stride value after it has been selected 1n a previous
training period. In particular, if the selected stride value (e.g.
oflset) performs particularly well, then this suggests that the
training period can be reduced 1n the future thereby causing
a candidate to be selected more quickly and efliciently (and
vice-versa).

There are a number of ways 1n which performance can be
measured. However, 1n some embodiments the performance
1s based on a number of hits that occur by using the stride
value 1 the stride storage circuitry having the highest
frequency above the minimum frequency during the training
period. Thus, the performance can be based on the number
of hits that the selected candidate achieves. This could be as
a ratio (hits/attempts), for imstance. A larger number of hits
(or a larger ratio) 1s indicative of a better performing
candidate, since 1t indicates that prefetching i1s working
correctly.

In some embodiments, when the performance 1s below a
lower threshold, the traming period 1s increased; and when
the performance 1s above an upper threshold, the training
period 1s decreased. In this way, when the performance 1s
below the lower threshold (indicating that the performance
1s below a given level), the training period 1s increased so
that a longer period of time 1s given for a candidate to
become established. In contrast, when the performance 1s
above the upper threshold (indicating that the performance
1s above a given level), the training period 1s decreased so
that a decision of which candidate to select 1s made more
quickly and efliciently 1n the future.

In some embodiments, the training period 1s defined by a
number of access 1nstructions being received; the number of
access mstructions 1s equal to a number of rounds multiplied
by the number of stride values 1n the stride storage circuitry;
and the number of rounds 1s adjusted in dependence on the
performance. During one round, each of the candidate stride
values 1s tested once. For instance, 1n a first test of a first
round, the first candidate stride value 1s tested. In a second
test of the first round, the second candidate stride value 1s
tested, and so on. The length of the training period 1s
dependent on the number of access 1nstructions to be 1ssued,
which depends on the number of candidates and the number
of rounds. Thus, by adjusting the number of rounds based on
the performance, the length of the training period can be
adjusted. In some other embodiments, the training period 1s
defined by a number of demand misses and demand hits that
hit on a line that was pretfetched earlier.
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In some embodiments, the training period 1s defined by
the highest frequency exceeding the early termination value.
The early termination value can be selected so that 1f a
particular candidate’s frequency of occurrence reaches the
carly termination value during the traiming period, the train-
ing period 1s ended and that candidate 1s selected. This helps
to avoid a situation 1n which 1t becomes clearly from an early
stage whether one of the candidates 1s highly likely to be
selected and the training unnecessarily continues.

In some embodiments, the minmimum {requency 1is
adjusted 1n dependence on the performance; when the per-
formance 1s below a lower threshold, the minimum {re-
quency 1s increased; and when the performance 1s above an
upper threshold, the minimum frequency is decreased. The
mimmum frequency i1s the frequency above which a candi-
date must reach during the training period to be considered
for selection. Candidate stride lengths with frequencies
below this limit are considered to be too infrequent to have
a beneficial effect when selected as the stride length. Thus,
if the performance of the selected stride length ends up being
below a lower threshold then the minimum frequency can be
increased to mhibit the selection of poor quality candidates
in the future. Similarly, 11 the performance 1s above an upper
threshold, then the minimum frequency can be decreased in
order to potentially allow other candidates to be selected.

In some embodiments, the at least one of the traiming
period and the minimum frequency 1s adjusted to one of a
number of discrete values. In such embodiments, there 1s no
need for the minimum frequency and/or the training period
to be calculated. Instead, these can be set to one of several
previously determined levels or values.

Particular embodiments will now be described with ret-
erence to the figures.

FIG. 1 1llustrates a data processing apparatus in the form
of data access circuitry 100 in accordance with some
embodiments. The data access circuitry 100 receives access
istruction and issues access requests to a storage circuit
such as a main memory 150. The access instruction includes
an address 1n the main memory 150 and the access request
then causes that location in the main memory 150 to be
either written to or loaded from. An access response can be
issued by the main memory 150 back to the data access
circuitry 100 1n order to either return the requested data or
to indicate whether the storage of the data at the requested
location in the main memory 150 was successiul. The data
access circuitry 100 also includes prefetch circuitry 130. The
prefetch circuitry 130 causes an access request to be 1ssued
the main memory 150 proactively, e.g. without an explicit
read access 1nstruction to that data having been 1ssued to the
data access circuitry 100. The prefetch request that 1s 1ssued
by the prefetch circuitry 130 loads the requested data into a
cache such a first level cache 160. In thus way, when a
subsequent explicit request for that data 1s received by the
data access circuitry 100, 1t can be accessed from the level
one cache 160 quickly rather than having to 1ssue an access
request to the main memory 150 and wait for an access
response to be 1ssued back. Consequently, the requested data
can be accessed more quickly. The data that 1s accessed by
the prefetched circuitry 130 1s accessed some period ahead
of a time when 1t 1s predicted that that data will be required.
This period 1s known as a stride length (or oflset) and could
for instance represent a difference 1n memory locations
between locations currently explicitly being requested at the
data access circuitry 100 and a location of the data being
prefetched by the prefetch circuitry 130 in the data access
circuitry 100.

10

15

20

25

30

35

40

45

50

55

60

65

8

In the above embodiments, a number of different candi-
dates for a stride length are considered during a training
period. These are stored 1n stride storage circuitry 120. As
data 1s returned to the data access circuitry 100 as a result of
explicit read requests or prefetch requests 1ssued by the
prefetch circuitry 130, the stride determination circuitry 110
matches the address of the returned data against recent
requests that have been 1ssued by the data access circuitry
100 to the main memory 150. In this way, a set of hypo-
thetical stride lengths can be determined. These are then
matched against one of the candidates 1n the stride storage
circuitry. If there 1s a match, then the score or frequency
associated with that candidate stride in the stride storage
circuitry 120 1s incremented. Otherwise, no action 1s taken.
The candidate 1n the stride storage circuitry 1s changed for
cach incoming access request. In this way, over a period of
time, 1t 1s determined which stride lengths could have
resulted 1 each 1tem of data being returned 1f prefetching
with that candidate stride length has been enabled. This
therefore reveals, over a period of time, which of the
candidate stride lengths would be most eflicient at correctly
returning the requested data. Once the traiming period has
completed, the candidate with the highest frequency i1s then
selected as the stride length to be used by the prefetched
circuitry 130 1n the future. This could be replaced by a
turther training period 1f necessary.

In these embodiments, stride culling circuitry 140 1s
provided 1n order to cull some of the candidates from the
stride storage circuitry. In this way, the number of candidates
that must be considered can be reduced over time. Conse-
quently, the training period can also be reduced.

FIG. 2 shows an example of how the oflset scores may be
determined. A set of accesses are made to the main memory
150 by, for instance, data access circuitry 100. These
accesses could be made as a consequence of explicit access
instructions or as a result of prefetches made by, for instance,
prefetch circuitry 130. The accesses are interleaved since, in
this example, they are made as a consequence of two
different processes accessing data. Each process accesses 1ts
data sequentially. In the case of a first process (shown 1n
FIG. 2 as left-aligned memory addresses in the stream of
addresses), each accessed address increments by two bytes
in each access. In a second process (shown 1n FIG. 2 as
right-aligned memory addresses 1n the stream of addresses),
cach access 1ncreases the address by three bytes. A window
of the six most recent requests 210 1s also kept. This
indicates the address of each recently made access. A list of
offset qualities 220 1s also stored. In this example, the
candidates range from -7 to +7. With each candidate, a score
1s kept. The score indicates the quality of using that oflset as
a stride length for pretetch circuitry 130. One of the candi-
dates 1s considered for each access request. In this example,
the access that has been made 1s to address 0x3000021. The
candidate that 1s under consideration 1s the stride length +7.
Consequently, each of the recent requests 210 1s analysed to
determine whether an oflset of +7 would have caused an
access to address 0x3000021 to have been made. Since none
of the recent requests 210 1s the address 0X3000014, there
1s no hit and consequently the score for the candidate +7 1s
untouched. In this example the value +7 1s an upper bound
of the set of candidate offsets and consequently a new round
then begins with the oflset candidate -7.

In this example 1t can be easily seen that the two processes
access memory addresses 1n jumps of two or three bytes. The
Lowest Common Multiple (LCM) of two and three i1s six.
Consequently, one might expect the score associated with
the offset candidate six to 1ncrease over a number of rounds.
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This 1s because 1 the oflset six were to be used, then each
of the accesses that are made after a period of time are made
to addresses that could have been prefetched when using a
stride length of six.

It will be appreciated that the number of accesses required
for the training period relate to both the number of different
candidates and the number of rounds that are to be used. In
particular, the number of accesses to be made will generally
be equal to the number of rounds multiplied by the number
of candidates. As a consequence, 1 candidates can be
removed, then the number of accesses to be made can be
reduced and the training period can therefore also be
reduced.

Note that 1n this example, the training occurs using all of
the access requests that occur. However, in other embodi-
ments, only a subset of the access requests may be consid-
ered. For instance, in some embodiments, training may
occur based on explicit requests for data that miss and also
on explicit requests for data that hit where the data was
previously pretfetched into the cache.

Bytes have been used in the above example to better
illustrate the stride determination. However, in other
embodiments, data accesses take place on a cache line basis.

FIG. 3 illustrates a flow chart that demonstrates how the
candidates can be removed or culled from the stride storage
circuitry over time. The process starts at a step 305 where a
training round N of M 1s begun. At a step 310, the oflset
qualities 220 are incremented for the current candidate as
appropriate, as discussed with reference to FIG. 2. At a step
315, 1t 1s determined whether a score associated with the
current candidate 1s greater than an early termination value.
The early termination value 1s a value beyond which a
candidate having such a score will be immediately selected
as the selected candidate regardless of further rounds of
training that are to be carried out. Consequently, 11 the score
of the current candidate 1s greater than the early termination
value, then at step 320 the training 1s ended and the current
selected candidate 1s used. Otherwise, at a step 3235, 1t 1s
determined whether the score of the current candidate is
higher than the highest score that has been seen so far. If so,
then at step 330, the highest score 1s updated to reflect the
current candidate and the process proceeds to step 345.
Otherwise, the process proceeds to step 335 where 1t 1s
determined whether the current candidate should be culled
or not. In particular, if the score of the current candidate 1s
less than the highest score among all the candidates plus the
round number (N) minus the number of rounds that are
performed (M) then the process proceeds to step 340 where
the candidate 1s deleted. The process proceeds to step 345 in
any event. Effectively, at step 335 1t 1s determined whether
the score of the current candidate 1s sufliciently low that the
candidate 1s incapable of becoming the highest score before
the training 1s completed. If the score 1s sufliciently low then
the candidate 1s disregarded since i1t cannot become the
winning candidate. Accordingly, by removing the candidate
from consideration, the overall training process can be
completed more quickly as a consequence of fewer access
requests having to be made for the training process to be
completed. At a step 345, it 1s determined whether there are
more candidates to be considered in the current round of
tramning. If so, then at step 3350, the next candidate 1s
selected. The process then proceeds to step 310 where the
scores are icremented 1n relation to the next access request
for the newly selected candidate. If there are not more
candidates, then at step 3535 1t 1s determined whether more
rounds are to be completed. 11 so, then the process proceeds
back to step 305 where the next training round 1s started (1.e.
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with N being incremented by 1). It there are not more rounds
to be completed at step 355, then at step 360 the training
process ends. The candidate having the highest score above
a mimimum frequency 1s then selected. The minimum fre-
quency 1s selected such that candidates that are particularly
poor are not selected as the winners merely because they are
the highest performing candidate.

In this way, 1t can be seen how those candidates that are
incapable of becoming the winner from the training period
removed from the traiming process. Consequently, the num-
ber of accesses that must take place in order for one of the
candidates to be selected can be reduced since the remaining
candidates can be considered more quickly. Fewer accesses
are therefore required for the training process to be com-
pleted and consequently the training process can be com-
pleted more efliciently.

FIG. 4 schematically illustrates a data processing appa-
ratus 400 i the form of data access circuitry 400 in
accordance with some embodiments. In these embodiments,
the stride values are calculated as previously described (with
or without the use of stride culling circuitry 140 to remove
candidates from consideration during the training period).
However, having determined the scores for each of the
candidates during a training period, prefetches are sent on
the basis of a plurality of winners rather than simply the
highest performing candidate that 1s over a minimum 1fre-
quency. This 1s illustrated in FIG. 4 by prefetch requests 1
and 2 being 1ssued from the data access circuitry 400 by
virtue of the prefetch circuitry 430 and the corresponding
prefetch responses 1 and 2 being sent back to the level 1
cache 460. In this example, the prefetch requests 1 and 2
could be based on an address that 1s calculated from a
current address of an explicitly made access nstruction and
the two highest performing stride lengths in the stride
storage circuitry 420 that are above a minimum value. In
some embodiments, a prefetch request may be sent out for
every candidate stride length that 1s above a minmimum value.
In other embodiments, only a subset of the winners (such as
those that are the highest performers) are used to send out
prefetch requests. In this way, 1f the series of accesses can
only be expressed as a consequence of using two difierent
stride lengths, then the 1ssuing of two prefetch requests can
result 1n more data being correctly prefetched by the
prefetch circuitry 430 than 1f only a single prefetch or single
stride length were used.

FIG. 5 illustrates a data processing apparatus 500 in the
form of data access circuitry in accordance with some
embodiments. In these embodiments, as betore, stride deter-
mination circuitry 310 1s used to calculate scores for a
number ol candidate stride values stored 1n stride storage
circuitry 320. These scores are calculated during a training
pertod and the winning such stride value 1s then used by
prefetch circuitry 530 to 1ssue prefetch requests. Such
embodiments may include the ability to issue multiple
prefetch requests 1in response to a single access mstruction as
illustrated with respect to FIG. 4 and/or the ability to cull
certain candidate stride lengths from the stride storage
circuitry as 1llustrated with respect to FIG. 1. In these
embodiments, the prefetch circuitry 530 determines whether
a prefetch request will be 1ssued to the main memory 550
that causes a page boundary to be crossed between the
prefetched address and the current address that 1s recerved as
part of the access instruction at the data access circuitry 500.
If such a page boundary would be crossed, then the prefetch
circuitry 330 adjusts the list of possible candidates 1n the
stride storage circuitry 520 and begins the selection process
again. For example, the scores remain the same, but the list
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ol candidates from which a stride value can be selected 1s
restricted. A stride length 1s thereby selected that 1s unlikely
to result 1n a page table being crossed. By avoiding prefetch-
Ing across page boundaries, efliciency of the memory access
process can be improved. This 1s because accessing data on
different pages of the main memory 330 can be slower than
accessing data in the same page. Furthermore, some imple-
mentations (e.g. that may lack access to a Translation
Lookaside Bufler) do not have the capability of computing
the Physical Address of a prefetch address 11 1t crosses pages.
Adding a TLB may, however, be undesirable due to power/
space constraints.

FIG. 6 illustrates an example of the relationship between
virtual addresses and physical addresses with respect to page
boundaries. In particular, as shown 1n FIG. 6, a number of
virtual addresses X, X+1, X+2, . . . are provided, each of
which translate to a different physical address, which 1s an
address in the physical memory. The memory 1s split mnto
pages with a page boundary marking the address at which a
page changes. As shown in FIG. 6, there may be no
relationship between a virtual addresses which are contigu-
ous and physical addresses, which may not be. For instance,
although a virtual address X points to a physical address that
1s contiguous with an address pointed to by a virtual address
X+1, the physical address pointed to by a virtual address
X+2 1s not contiguous with either of these locations in the
physical memory. In particular, the virtual addresses X and
X+1 point to physical addresses that are on a page Y, whilst
a virtual address X+2 points to an address that 1s on a
physical page Y+4. Consequently, performing prefetching in
respect of a virtual address X+1 and a virtual address X+2
would cause a page boundary to be crossed. Since the
physical addresses associated with these virtual addresses
are located on diflerent pages of the physical memory, the
process of accessing the physical memory to retrieve data at
these addresses would be more time consuming than, for
instance, accessing the physical memory at a location
pointed to by a virtual address X and a virtual address X+1,
both of which are located on the same page (Y) of the
physical memory. Consequently, by selecting a stride length
that avoids page boundaries being crossed, the process of
prefetching and memory accessing can be made more efli-
cient. It 1s, however, desirable for a stride length to be
selected that will still result in the appropriate data being
prefetched.

FI1G. 7 illustrates a flow chart 700 that shows a method of
adjusting the training process 1n order to select an appro-
priate oflset that will avoid crossing page boundaries. In this
example, the training occurs at a step 702. The 1nitial lower
and upper bounds are set 1n a step 703 as being —64 and +64,
whose magnitude of 64 1s a power of two. It will be
appreciated that other bounds could be selected and the
bounds need not be symmetrical. At a step 710, the best
oflset between the upper bound and the lower bound is
determined using the training process that occurred 1n step
705 (e.g. as discussed with reference to FIG. 2). At a step
715, 1t 1s determined whether using the offset will cause an
upper page boundary to be crossed. If so, then at step 720 the
upper bound 1s divided by two (with a limit of 1). The
process then returns to step 710. I1 the upper page boundary
1s not crossed at step 715, then at step 7235 1t 1s determined
whether the lower page boundary 1s crossed. It so, then at
step 730, the lower bound 1s divided by two (to a limit of
—1). The process then returns to step 710. If at step 725 1t 1s
determined that the lower page boundary 1s not crossed
either, then the selected oflset 1s used at step 735 for further
prefetching.
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In this way, the limits of the offsets are divided by two
until such time as a candidate 1s found that does not cross
one of the page boundaries. The division by two recognises
the fact that for a particular candidate, devisers of that
candidate may contribute to the candidate score. Conse-
quently, by dividing by two, 1t 1s possible for those devisers
to reveal themselves and become eligible for selection. This
can result in the selection of a candidate that may not
perform as well as the mitial candidate located between the
boundary of -64 and +64, but nevertheless may still work
well while avoiding crossing page boundaries. In this
example, the two boundaries are symmetrical 1n that the
midpoint 1s zero. However, 1t will be appreciated that in
other embodiments, the midpoint could be a value other than
zero. Such processes would require the calculation of the
difference between the midpoint and the boundary to be
divided by two 1f that boundary causes a candidate to be
selected that will cross the page boundary. Note that this
process does not necessitate rerunning the training period.
Instead, the scores from the previous training period are kept
and the best candidate 1s selected from a reduced set of
possible candidates.

FIG. 8 1llustrates data access circuitry 800 as an example
of the claimed data processing apparatus 1n accordance with
some embodiments. In these embodiments, the selection of
a stride value by the stride determination circuitry 810
occurs approximately as previously described. However,
once the traiming period has completed, feedback circuitry
870 1s used 1n order to determine the quality of the selected
stride value that 1s used by the prefetched circuitry 830 1n
order to perform prefetching. The feedback circuitry 870
uses 1ts analysis of the performance of the selected stride
value 1n order to control the parameters of the traiming
process performed by the stride determination circuitry 810
when 1t 1s performed 1n the future. In particular, when 1t 1s
determined that a particular stride value performs well, then
it may be assumed that the stride value could have been
selected earlier 1n the training process. Similarly, 11 the stride
value performs poorly, then 1t 1s determined that the trainming
pertiod was not sufliciently long in order for the most
appropriate stride value to make 1tself known. Accordingly,
parameters that control the length of the training period can
be altered based on the performance of the selected stride
value. As 1n other embodiments, the data access circuitry
800 may be combined with the techniques illustrated and
previously discussed with reference to, for instance, FIG. 5,
FIG. 4 and FIG. 1.

FIG. 9 shows a flow chart 900 that i1llustrates a process of
adjusting the parameters of the training process 1n accor-
dance with some embodiments. At a step 905, the training
period occurs as previously described. At a step 910, the
stride value that 1s selected during the training period 1s then
used for prefetching. At a step 915, the early termination
value 1s adjusted based on the performance of the selected
stride value 1n prefetching. For example, the performance
could be based on a number of hits that occur over a number
ol accesses or a proportion of useful prefetches (e.g. those
that are used) to total prefetches. As previously discussed,
the early termination value 1s a value that causes the traiming
process to end early 11 a score for one of the candidates meets
the early termination value. The early termination value can
be increased to attempt to choose a more accurate best oflset
and can be decreased 1n order to train more quickly. Having
adjusted this value, at a step 920, 1t 1s determined whether
the prefetch accuracy 1s above an upper threshold. If so, then
the training period 1s reduced by a number of rounds 1nstead
of 925. The process proceeds to step 940. If the prefetch
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accuracy does not exceed an upper threshold at step 920,
then at step 930, i1t 1s determined whether the prefetch
accuracy 1s less than a first lower threshold. If so, then at step
935, the tramming period 1s increased by Y rounds. The
process then proceeds to step 940 where a number of
accesses that define the training period 1s made equal to the
training period length in rounds multiplied by the number of
candidate stride values. In any event, the process then
proceeds to step 950 where it 1s determined whether the
prefetch accuracy exceeds a second upper threshold. It so,
then the mimimum frequency 1s decreased by A. As previ-
ously discussed, the minimum frequency 1s the minimum
score required by a candidate in order for that candidate to
be used. The process then proceeds to step 905 where a
turther traiming period can take place 1n due course. If, at
step 950 the second upper threshold 1s not met, then at step
960 1t 1s determined whether the second lower threshold 1s
met. If so, then at step 965, the minimum Irequency 1s
increased by B. In any event, the process then returns to step
905 where a further training period can take place in due
course.

By increasing the training period, the likelihood with
which a candidate can reveal itself as an appropriate candi-
date stride length 1s increased. Similarly, when the training
period 1s decreased, the training process can be completed
more quickly, which may still causes the candidate stride
length to be revealed. By decreasing the minimum fre-
quency, 1t 1s possible for more candidate stride lengths to be
considered. By increasing the minimum frequency, it
becomes less likely that a poor performing stride length waill
be selected. Although the values X, Y, A, and B have been
indicated here thereby opening the possibility that each of
these values could be different, there 1s no obligation for this
to be so. In particular, 1n some embodiments X=Y and in
some embodiments A=B.

There are a number of ways in which the early termination
value can be adjusted. In some embodiments, a further set of
thresholds are used in relation to the prefetch accuracy to
determine how to adjust the early termination value. For
instance, 1f the prefetch accuracy falls below a third lower
threshold then the early termination value can be increased
whereas 1I the prefetch accuracy exceeds a third upper
threshold then the early termination value can be decreased.

Although a number of different techniques have been
described here, 1t 1s possible for all or some of these
techniques to be combined into a single apparatus. For
instance, as illustrated 1n FIG. 10 the data access circuitry
1000, which 1s an example of a data processing apparatus,
includes the stride culling circuitry 1040 that 1s shown with
respect to FIG. 1, the feedback circuitry 1070 that 1s illus-
trated with respect to FIG. 8, pretetch circuitry 1030 that 1s
capable of 1ssuing multiple pretetches, which 1s 1llustrated
with respect to FIG. 4, and the avoidance of issuing
prefetches that will cause page boundaries to be crossed as
illustrated with respect to FIG. 5.

In the present application, the words “configured to . . . ™
are used to mean that an element of an apparatus has a
configuration able to carry out the defined operation. In this
context, a “configuration” means an arrangement or manner
of interconnection of hardware or software. For example, the
apparatus may have dedicated hardware which provides the
defined operation, or a processor or other processing device
may be programmed to perform the function. “Configured
to” does not imply that the apparatus element needs to be
changed 1n any way 1n order to provide the defined opera-
tion.
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Although 1llustrative embodiments of the invention have
been described 1n detail herein with reference to the accom-
panying drawings, 1t 1s to be understood that the invention
1s not limited to those precise embodiments, and that various
changes, additions and modifications can be effected therein
by one skilled 1n the art without departing from the scope
and spirit of the invention as defined by the appended
claims. For example, various combinations of the features of
the dependent claims could be made with the features of the
independent claims without departing from the scope of the
present 1nvention.
We claim:
1. A data processing apparatus comprising:
data access circuitry to access data values in storage
circuitry at addresses specified by access instructions;

stride determination circuitry to determine a stride value
as a diflerence between a current address and a previ-
ously received address;

stride storage circuitry to store an association between

stride values determined by the stride determination
circuitry and a frequency of occurrence during a train-
ing period; and

prefetch circuitry to cause a further data value to be

proactively retrieved from a further address, wherein
the further address 1s the current address modified by a
stride value i the stride storage circuitry having a
highest frequency during the training period such that
the further address and the current address are on a
same page ol memory circuitry,

wherein the stride values are bound by a lower stride

value and an upper stride value; and

when the further address and the current address are on

different pages of the memory circuitry, the data pro-
cessing apparatus 1s configured to reduce at least one of
a magnitude of the lower stride value and a magnitude
of the upper stride value, and then the data processing
apparatus 1s configured to redetermine the stride value
in the stride storage circuitry having the highest fre-
quency during the training period.

2. The data processing apparatus according to claim 1,
wherein

both the magnitude of the lower stride value and the

magnitude of the upper stride value are reduced.

3. The data processing apparatus according to claim 1,
wherein

when the further address and the current address are on

different pages and when the further address 1s higher
than the current address, the magmtude of the upper
stride value 1s reduced; and

when the further address and the current address are on

different pages and when the further address 1s lower
than the current address, the magmtude of the lower
stride value 1s reduced.

4. The data processing apparatus according to claim 1,
wherein

the at least one of: a magnitude of the lower stride value

and a magnitude of the upper stride value 1s reduced to
either O or 1.

5. The data processing apparatus according to claim 1,
wherein

the at least one of: the magnitude of the lower stride value

and the magnitude of the upper stride value 1s reduced
by a hall.

6. The data processing apparatus according to claim 1,
wherein

while the further address and the current address are on

different pages of the memory circuitry, at least one the
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magnitude of the lower stride value and the magnitude
of the upper stride value 1s reduced and then the stride
value 1n the stride storage circuitry having the highest
frequency during the tramning period 1s redetermined.

7. A data processing apparatus comprising:

data access circuitry to access data values 1n storage
circuitry at addresses specified by access instructions;

stride determination circuitry to determine a stride value
as a difference between a current address and a previ-
ously received address;

stride storage circuitry to store an association between
stride values determined by the stride determination
circuitry and a frequency of occurrence during a train-
ing period;

prefetch circuitry to cause a further data value to be
proactively retrieved from a further address, wherein
the further address 1s the current address modified by a
stride value 1n the stride storage circuitry having a
highest frequency above a mimimum frequency during
the training period; and

teedback circuitry to adjust at least one of: the traiming
period, the minimum frequency, and an early termina-
tion value based on a performance of the stride value 1n
the stride storage circuitry having the highest frequency
above the minimum Irequency during the training
period,

wherein when the performance 1s below a lower thresh-
old, the feedback circuitry 1s configured to increase the
training period, and

wherein when the performance 1s above an upper thresh-
old, the feedback circuitry 1s configured to decrease the
training period.

8. The data processing apparatus according to claim 7,

wherein

the performance 1s based on a number of hits that occur
by using the stride value 1n the stride storage circuitry
having the highest frequency above the minimum {fre-
quency during the training period.

9. The data processing apparatus according to claim 7,

wherein

the training period 1s defined by a number of access
instructions being received;
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the number of access instructions 1s equal to a number of
rounds multiplied by the number of stride values 1n the
stride storage circuitry; and
the number of rounds 1s adjusted 1n dependence on the
performance.
10. The data processing apparatus according to claim 7,
wherein
the training period i1s defined by the highest frequency
exceeding the early termination value.
11. The data processing apparatus according to claim 7,
wherein
the mimimum frequency 1s adjusted in dependence on the

performance;

when the performance 1s below a lower threshold, the
minimum frequency 1s increased; and

when the performance 1s above an upper threshold, the
minimum frequency is decreased.

12. The data processing apparatus according to claim 7,

wherein
the at least one of the training period and the minimum

frequency 1s adjusted to one of a number of discrete
values.

13. A method of operating a data processing apparatus
comprising;
determiming a stride value as a difference between a
current address specified by access mstructions and a
previously received address;
storing an association between stride values and a 1fre-
quency of occurrence during a traiming period

causing a further data value to be proactively retrieved
from a further address, wherein the further address 1is
the current address modified by a stored stride value
having a highest frequency above a minimum {fre-
quency during the training period;

adjusting at least one of: the training period, the minimum
frequency, and an early termination value based on a
performance of the stored stride circuitry having the
highest frequency above the minimum frequency dur-
ing the training period,

wherein when the performance 1s below a lower thresh-
old, the training period 1s increased, and

wherein when the performance 1s above an upper thresh-
old, the training period 1s decreased.
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